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PROCE9S TECmQUES STUDY OF INTT2,GRATED CIRCUITS 

Quarterly Report No. 3 

'INTI#IIXJCIITON 

'sxperimantal a c t i v i t i e s  hsve evolved, as previously anticipated, along 
soecjfic lines resu l t ing  from surveys performed e a r l i e r  i n  the program. 

These l i n e s  of errdeavor have been selected l a rge ly  on the bas is  of two 
c r i t e r i a :  
of process origin. 
was given t o  the  unique r e l i a b i l i t y  requirements of NASA missjons. The 

functional sensitivity of an integrated c i r c u i t  t o  condensable package ambients 
i n  a space environment is an example of t h i s  type of problem. The investigation 
of package ambient compositions by mass spectrometry and gas chromatography 
was undertaken t o  discover correlations with abnormal integrated c i r c u i t  
function. 
moisture has been observed with mesa t rans is tom,  and investigation is being 
ccntinued with planar devices. 

immediacy, and l ack  of  understanding of mechanism o r  of control  
I n  the  consideration of immediacy, par t icu lar  a t tent ion 

Inwtcnnperature reverse b i a s  leakage associated w i t h  t r aces  of 

A second area of investigation considers t h e  of hdAamage on 
s i l icon,  u t i l i z i n g  x-ray diffract ion and etching procedures. L i t t l e  considera- 
t ior .  hzs been given t o  the  long range e f f ec t s  of such damage par t icu lar ly  under 
varying stress, and even the  short range e f f ec t s  have been assessed primarily 
i n  terns of manufacturing reject ratios.  

A t h i r d  newly introduced Investigation explores t he  process or ig ins  of 
d w  with the  objective of eliminating 
such defects by improved oxide growth techniques. 
t o  t h i s  invest igat ion is being made by test methods recent ly  developed a t  
Autonetics for revealing dieledric defects a t  any s tage of wafer processing. 
The dielectric i n t e g r i t y  requirements of t h e  oxide i n  ?!OS gates are  pa r t i cu la r ly  
severe and require careful  process control. 

A substant ia l  contribution 

Thus f a r  it has been shown t h a t  

adjustment of 
of  d i e l ec t r i c  

s a t e  oxide thickness by etching procedures increases the  density 
defects. Post oxidation treatments of such areas reduce but do 
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not  eliminate the  problm. Present evidence indicates  t h a t  a significant 

proportion of dielectric Qnfects is located a t  a b m t  t h i w s s  tram s i t i o n s  
( s teps)  i n  t h e  oxide. The s t ruc tura l  discont inui t ies  associated with such 
defects  of fe r  f a r  less resistance to e l e c t r i c a l  discharge than sound oxide 
and a r e  capable therefore of acting as l o c i  for metall ization t o  substrate  
shorts. Breakdown i n  sound s i l icon  dioxide occurs at f i e l d s  approaching 
loo%& but  i n  a i r  discharge occurs a t  approximately lO%fi.  YOS gate  
voltage parameters seldan exceed lO%B which is  w e l l  within t h e  dielectric 
capabi l i ty  of sound oxide but i n  considerable excess of t h a t  of gaseous 
insu la t ion  a t  ordinarypmssures.  Thus, shorting may occur regardless of 
whether t he  overlying metallization has penetrated a crack or pinhole i n  t h e  
oxide. 

The behavior of ion ic  impurities i n  otherwise sound oxide was or ig ina l ly  
recognized as a key problem i n  planar technology, as  discussed i n  t h e  

f n i t i a l  program proposal. 
chemical and isotopic  techniques is being continued along previously 
establ ished lines. 
ACCO"L1S"ENTS 

The investigation o f t h i s  problem by radio- 

A. Tool Damage Effects  

I n i t i a l  Ixmst igat ions u t i l i z i n g  etching procedures on scribed and 
separated s i l icon  dice (10 ohm cm p-type) revealed no s igni f icant  
res idual  c rys ta l  damage. In subsequent experiments, scr ibe marks mre 
made on unoxidiaed s i l i con  wafers which consisted of grooves about 10 

rrrlcron~ wide with contiguous observable damage extending t o  a maxlmum 
width of about %I micmns. The width of the mmk a f t e r  e t c h h g  ranged 
fxmn 55 t o  105 microns wi th  a depth of about 20 microns. 

etched contmrs suggested tha t  t he  specimen was overetcked, and the 
experiaent TiLll he repeated. 

!hoothnoss of 

B. PJas Amhlent Effects  

Fass mectronetry and gas chrmatography have been employed t o  
deternine the gas contents i n  the  ambtent of semiconductor device 
packages ( t rans is tors  and intezrated c i rcu i t s ) .  
of abnormal ambients has been observed, but t h e i r  correlat ion with 

A s igni f icant  proportion 
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f a i l u r e  mechanisms and process control problems has been achieved only 
i n  a few instances, 
e s t sb l i sh  the  eff ects. o r  lack them- 
function , 

Substantial additional effort is  r e m i r e d  t o  firmly 

Special techniques have been developed t o  analyze the  gas i n  m a l l  
devices without destruction of t h e  device e l e c t r i c a l  paraneters. 
Therefore, e l e c t r i c a l  character is t ics  could be monitored before, during, 

and af'ter t he  gas was evacuated so t h a t  e l ec t r i ca l  changes could be 
correlated with removal of t h e  ambients. 

A f a i lu re  node concerned with excessive TcBo leakage a t  subzero 
temperatwe In pnp mesa t rans is tors  was i m s t i g a t e d  irsine both mass 

s-oectrocretry and ?as chrDmatography, 
analysis of five e l ec t r i ca l ly  good devLces and f ivs  low t q e r a t u r e  
f a i l u r e s  indicated no significant differences i n  gas cnntent, 
constl tuent i n  a l l  devices was nitrogen wi th  traces of argon, carbon 
dioxide, and methane, @,Q water  was detected,) Gas chromatography was 

used f o r  moisture analysis only.  Using a co lum adsorbent of Carbowax 
400 supoorted on Teflon, t h i s  procechre i s  sens i t ive  t o  approximatelj 
3 x loo7 grams Y20, All four of the  low temperature f a i lu re s  analyzed 

Pivs out of six electrically good devices showed no detectable moisture. 
The lwer l i m i t  of detection was estimated a t  0.01 t o  0.06 w e i g h t  percent 
f o r  t h e  gas ChromatograDhic techniques current ly  in use. It is therefom 

d t h a t  the low temerature  f a i l u m s  are  re la ted  t o  the  condensa- 

Tni t ia l  mass spectrometric 

The major 

det&able moisture content between 0.025 and O.24ueight percent. 

OQ - mpfstum 0 n the device surfacsg below the  dew DO%* of the 

pcka -  ;as. It is possible t h a t  the water mobilizes ionizable surface 
contamination which m y  then migrate i n  surface poten t ia l  gradients and 
cause anomalous lwkage currents. 

Analysis of t he  data was made t o  determine the or ig in  of the noted 
Since oxygen was detected i n  only one device out of ten  moisture. 

sub2ected t o  mass pxt rometry ,  the poss ib i l j ty  of in-leakage of a i r  
(containing moisture) is mall, 
wlnr t.n or -the..e 0 3- [ J .  steu &owed introduction of t he  

Possible sources a r e  poor control of dry box ambients or 

Therefore, it i s  believed t h a t  

improper Sakeout of the t rans is tor  can before packaging. 
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The information obtained from t h i s  study w i l l  be of value i n  
fur ther  device ambient studies. 
a r e  re la ted  t o  ion  t ranmort ,  it is i m o r t s n t  t h a t  device moisture 
content be detenined.  
grated c i r c u i t s  by mass spectrometric technique f a i l e d t o  indicate  t h e  

presence of water l a rge ly  because of the  extensfve in te rna l  surfacs  
area available f o r  condensation. 
hand, u t i l i z e s  the  adsorptive charac te r i s t ics  of water i n  i t s  detection 
and is not subject t o  t h i s  limitation. 

Since many surface f a i l u r e  mechanisms 

Previous gas ambient inwst iga t ions  of int,e- 

Gas chmmetography, on t h e  other 

C, Tnstrumentatian and Process;_ng Survey 

The noniinifomity of  wafer doDing referenced i n  t h e  Seventh 
Monthly ReDort has been found t o  be r e l a t ive ly  comon. 
var ia t ions aimed 3 t  decreasing t h i s  e f f e c t  have not been Tenerallgr 
adopted because other variables l e s s  amenable t o  control cause equal 
or greater  resistivity perturbations. 
are considered t o  be var i ab i l i t y  of pu r i ty  and s t ruc tura l  perfection 
of bulk s i l icon,  changing amounts of dopant absorbed and emitted by 
furnace tube mils, and var ia t ion i n  furnace temperature. Calculations 
of heat  t reansfer  i n  a diffusion tube Furnace, however, indicated t h a t  

process 

Some causes of nonuniform doping 

c o m l e b  heatin5 of c a r r i e r  gas takes place i n  t h e  first four inches 
of the tube s o t h a t  canvection currents 
not s ignif icant ,  and smoothing of gas flow by baf f l e s  may not 

jn -at 

ion. 
Additional e r ro r  a l so  is introduced i n  resistivity measurement. 

Methods which may becone superior t o  t h e  four point  probe technique 
include microwave abaorption'l) , infrared attenuated t o t a l  reflectance 
(ATR)(2), and var ia t ion  of resistance with temperature on w i t a x i a l  
structures(3),  
of <1 ohm- for  10 mil penetration t o  <O,OOOl ohm+- for 0.1 mil 
penetration. 
The samled  area is about 0.2 i n  , 
0.04 in.vr 0.25 in. samola. It ts accurate t o  only about 20 percent 
but ma7 be amnable t o  refinement. 
transconductance measurement of eTftaxial  layers  on lower resistivity 
substrates  of t h e  same conduct idty type, It is  e m i r i c a l l y  based on 
t h e  hizh tenperature value a t  which resis tance again drops t o  t h a t  of 

The first method is linlited t o  surface resistivities 

rt also gives average volume resistivity up t o  60 ohm-cn, 
2 Tnfrared ATR r e q u i r e s  a very f l a t  

The t h i r d  method involves 
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m o m  temperature. To date, the four point probe method. or m d i t ‘ i c a m  ns 
thereof, remains the m a s t  generally applicable n o n d e s t r u c m e a n s  I _ .  p f  
peasuring r e s i s t i d t a b a n d  the ASTY is  presently comparing r e s u l t s  on 
iden t i ca l  s a m l e s  by d i f fe ren t  laboratories. 

Additional compilation of i n s t rumnta l  capabi l i t i es  and sens i t i -  
vities includes the  following: 
e lectron microscope t o  2.8 R ( theoret ical  present best is 2 R) a t  t h e  
University of C h i  a g o  (‘ 

100 
electron microscope t o  0.05 micron a t  
Argonnet7), mass spectroscopy bv ion bombardment of areas about 13 m5ls 
square(8), gas chrnmatograohic analysis of gases i n  one milligram of 
deposited tantalum filnl using xenon l i g h t  ,Clash t o  evanorate t h e  

s ~ l e ‘ ~ ) ,  radiography t o  a resolution of 0.1 t o  0.2 ndcran(lo)s thermal 
plot t ing by use of l a w  melting point paints‘”), and use of the  Kelvin 
probe on areas as  small a s  25 microns across 

-v--- 

Improvement o f t h e  resolution of  the  

and investigation of defects of less than 
diameter i n  silicon(5), improvement of the resolution of the  scanning 

and 0.008 micron a t  

(12 1 . 
Current Drocess technique innovations t h a t  m a y  become subjects of 

irmestiaat$on are: the use of s i l i con  nitride for  
rs and qossiblg encapsulation as develo,md by !$e-- passivation 1 

Rand -and Corp, KF sputtering as  a method for denot&iw D a s w  on 
rs of s f l icon  oxide and other insulators(a). 

Item 2 

A. Oxide Radiotracer Experiments 

Previouslp counted tri t ium-active oxidized wafers were re-analyzed 
a 3 e r  550 hours (23 days) exposure t o  a hulnid laboratory environment. 
The average krdrogen concentration i n  the  oxide layers,  as d e t e d n e d  
by t he  t r i t i um beta activity,  remained unchanged indicat inz negligible 
exchange of the t r i t i um with ambient noisture. The corresponding data 
a re  presented i n  Table 1. 

Table I, Tr i t i un  Exchange With & m i d  F,nvln>ment 

Total H A t o m  
Average 3 Period Sample C?M, Total per cm 

16 
t n i t i  a 1  2 (3) 225.2 2.3 x lol6 2.7 x 10 

Net 

1 (2) 34S.h 3.6 x 1016 16 
3 (L! 199 01 2.1 x 10 

After 550 hrs. 1 
Huqid 2 
Emosure 3 

354.6 3.7 x 10;; 16 270.1 2.8 x iol6 2.7 x 10 
1M.7 1.5 x 10 
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Sambles 1, 2, and 3 i n  th i s  t ab le  correspond t o  Smplts  2, 3, and 

4 previously moorted i n  the  Second puarterly Report, November 10, 1965. 
The r e s u l t s  given i n  Table  I cannot be considered conclusive proof 

t h a t  the  trapped t r i t i u m  does not exchange with ambient moisture a t  

room temperature because the  process may be diffusion lindted within 
t h e  s i l i con  dioxide. 
the olddation run was  terminated by a >1 hour bake i n  a t r i t ium-free 
stream of nitrogen. This  treatment may have depleted t h e  outer Si02 
surface in  t r i t i u m .  The spread i n  observed beta a c t i v i t i e s  may have 
been due t o  a red is t r ibu t ion  of t r i t t um within the  bulk of the  51Q2 
plcfor t o  its nossible exchange with t h e  stmosphere. 
counts should resolve t h i s  question. 

It will be recalled (Second Quarter ly  Report) t h a t  

Subsequent beta 

Additional wafers prepared i n  the t r i t i u n  run (October 7, 1965) 
am be4.ng subr?itted f o r  beta a c t i v i t y  analysis. 
be metallized for subsequent t r i t i um e l e c t r d g r a t i o n  emeriments. 

act ivat ion ana lmis  for sodium was car r ied  out on t h e  

These specimens w i l l  

oxides of the s a m l e s  l i s t e d i n  Tabla I. The composite s811p1cY and 
a standard, w e r e  i r r ad ia t ed  
The thermal neutron flux w a s  L8 x 10 n cm’* sec-’. The oxides were 
st r ipped from tho  wafers after i r rad ia t ion  (to i so l a t e  then f ’ rom 
a c t i v i t i e s  within t h e  s i l i con  wafers) and the  combined solution 
concentrated by evaporation. The concentrate was counted overnight 
i n  a NaI well detector coupled t o  a multichannel pulse-height analyzer. 
The i r rad ia ted  sodium standard was counted i n  ident ica l  geometry. 
The 2.75 Mav photopeak of Na2‘ was used for analysis because of the 

comparative freedom fr0.n interference by other  residual a c t i v i t i e s  
(e.g., Si3’) present i n  the concentrate. 

Au lY8, C U ~ ~ ,  and Mn% a l so  were observed. 

hour a t  250 KW i n  a Xark I TRIGA reactor. 
12 

Other p a k s  a t t r ibu tab le  t o  

3 The analysis revealed a sodium concentration of 1.1 x 10l8 atoms/cm 
oxide which is s igni f icant ly  higher than t h e  hydrogen content. 
i s  s l i g h t l y  higher than t h a t  obtained on the  wafers of t he  first t r i t iu? 
run (7.6 x lo1? atoms/cm ) where no hydrogen chloride pretreatment of 
t h e  eqiijpmt was used. 
hydrogen chloride treatment was ineffective,  the poss ib i l i t y  of chance 
contamination by sodium during t h e  period between the  t r i t i u m  run and 

It a lso  

3 

Although t h i s  evidence suzgests t h a t  t h e  
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neutron 

13 days 

i r r ad ia t ion  cannot be completely ignored. 
f o r  t h e  first set of specimens and 26 for t he  second. The bulk 

This in te rva l  was 

of t h e  sodium, however, probably d q o s i t s  on (and in to )  the s i l i con  
dioxide l aye r  during the  cooling down period a t  t h e  termination of 
oxidation. 

A technique f o r  incremental oxide removal using %ufferedn HF 
has been standardiaed for use i n  determining the tritiuq dis t r ibu t ion  
i n  the d ie l ec t r i c  layers .  

B. T s o t o ~ i c a l l y  Labeled Inversion Study 

Fxm-ious investigations performed a t  Autonetics (”) have dmonstrated 
t h a t  t he  recovery of a device f r o m  surface inversion can be described 
i n  terms of the activation energy for d e r a t i o n  of charged species (ions! 
on the  surface and i n  t h e  oxide. I n i t i a l  results had indicated some 
Minuteman TT t r ans i s to r s  t o  have time-temperature denendent Tm 
recweries with act ivat ion energies between 0.6 and 0.7 ev which 
approxinates those derived Prom independent detem2nations of hydrogen 
migration i n  the oxide. 

i n  establishin? whether hsdrogen ions R ~ S  a role i n  inversions of 
steam-oxide Dassivated devices. 
a comparison of t he  inversion recovery k ine t ics  of two sets of devices, 
one fabricated by normal steam oxidation procedure, the other  i den t i ca l  
t o  t h e  first except t h a t  pure D20 is  subst i tuted for H20 i n  t h e  i n i t i a l  
oxide growth. It i s  recognized, of course, t h a t  succeeding processing 
steps may serve t o  deplete the i n i t i a l l y  present deuterium or cause i t s  
exchange with ambient hydrogen. 
difference between the recovery act ivat ion energies associated with the  
two groups w i l l  be insuff ic ient  t o  exceed the  experimGntal precision. 
Conseqimntly, a posit ive correlation between isotopic  treatment and 
recovery act ivat ion energy will const i tute  pogitive evidence for t h e  
Tarticipation of hydrogen ions i n  inversion, bu t  the absence of such a 

correlat ion should not be considered evidence t o  t h e  contrary. 

An objective of t h e  present program is t o  u t i l i z e  t h i s  approach 

Smcif ica l ly ,  the  experiment involves 

It a l so  is conceivable tha t  the 

Fabrication o f t h e  required devices was requested from an external  
su??lier. 
emloyed i n  Minuteman I1 electronics, half  of which were processed with 

These consisted o f  30 small signal  t r ans i s to r s  of a type 
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deuteriun. 
A l l  30 of t h e  t r ans i s to r s  were e l e c t r i c a l l y  good as-received. 

Their remonae t o  inversion stress, however, was variable. 
they were subjected t o  i n i t i a l  inversion stress of 200C a t  -40 Vcs for 
vartous lengths of time i n  order t o  c l a s s i fy  them i n  terms of usefulness 
f o r  recovery experiments. I n  order t o  be usef i l ,  the device was required 
t o  s h w  a leakage above 1 x lo4 amps (with present ly  avai lable  
instnunentation) when subjected t o  the  inversion stress and t o  havs 8 

region where IcBo is indepndent of  voltags. 
leakage a s  distinguished from bulk leakage. 

a e c t r i c a l l y  good devices are those which showed less than 1 x 
leakage a t  -40 Vm a f t e r  stress. 

Cmsequently, 

This wovld ind ica te  sur face  

A sumary  of t h e  device character izat ion is shown i n  Table 11. 

amps 

Table IT. Stress 3esDonse r)llst,rfbution 

Device 
GrouD Character is t ics  ?!mber 

I Elec t r i ca l ly  Good 13 
Tr A~biguous o r  no t  Useful 9 

TIT S i i  t able Inversion 8 

The collector-base charac te r i s t ics  of devices in! t i a l l y  showing 
ambilguous response a r e  plot ted i n  figure 1 and of o r ig ina l ly  inve r t ib l e  
devkes i n  Figure 2. 
F-1 and S-10 (Yiguye 2) were too  unstable t o  y i e l d  r e l i a b l e  recoveqy 
data, while device D-1 (Figure 1) proved su f f i c i en t ly  s tab le  f o r  study, 
yielding a n e t  of e i zh t  su i tab le  devices. 
leakage i n  t h i s  group, a s  shown i n  Figures 1 and 2, extended Over a 

wide range of threshold voltages. 

Subsequenttestin,a revealed that i nve r t tb l e  devices 

Onset of collector-base 

Inversion recovwy k ine t ics  of  a l l  e igh t  devlces w e r e  studied. 
The devices were subjected t o  20OC a t  -40 Vm f o r  a one hour period, then 
removed fronl t h e  oven and quenched t o  roo3 temperature using corpressed 
a i r  w’l i le  s t i l l  under e l e c t r i c a l  bias.  The roon tem7erature IcBo was 
then measured a t  5 vo l t  i n t e rva l s  t o  60 Vm. 
reheated, without e lPc t r ica l  bias, a t  l D w e r  temperatures f o r  specific 
t i m e  periods. 
t h e  oven, immediately quenched i n  a i r ,  and e l e c t r i c a l l y  tested. 

The devices were then 

After each storage period, t h e  devices were removed from 
The 
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procedure was repeated by re-inverting the  t r ans i s to r s  a t  2OOC under 
bias  and observing the  t i m e  dependance of Icm recovery at additional 
selected baking teqmratures.  For example, t h e  behavior of device 
9-12 a f t e r  being inverted (upper cum) and then stored for varlous 
time intervals a t  13OC is  shown i n  Npre 3. 
t h e  Im decreases nonnally with storage a t  130C. Yowe-ser, below 10 

vclts, t he  i n i t i a l  storege (4 minutes) r e s u l t s  i n  a relatively large 

decrease fn I (from 340 t o  $0 na a t  5 volts) .  Yowever, succeeding 
recoveqrtreatment r e su l t s  i n  an increase i n  t h e  low voltrse ImoO 
This behavior may indicate the  t ransient  appearance of a bulk leakage 
covonent  i n  t h e  elect ,r ical  characterist ic.  

Note t h a t  above 10 vol ts ,  

m 

Following reference (Is), IcBo mcoveries were normalized with 
respect t o  maximum (inverted) values (ItcBo) t o  obtain corralative, 
constant tan?erature time! dependences: 

(1) 
1 

TC&’CBO = 1 - ( W - m  rmx 

where D i s  the  diffusion rate cons-, t, t h e  zero-bias constant- 
t q e r p t u r e  storage interval, and &rRaXJ t he  r a d h s  of maximum junction 
s reading associated with inversion, From l i n e a r  p lo ts  of IcB&*cm vs 

t2 a t  several  temperatures (derived *am recovery sequences analogous to 
t ha t  of Figure 3), a convenient constant recovery r a t i o  (@.go, 0.5) was 
selected. 

the recovell~ times corresponding t o  the  constant TCBO/I(CBO may be 
plot ted against reciprocal absolute temperature and the thermal 
ectivation energy obtained fram the  resul t ing slope. 

P 

Since t h e  associated difl”usion process is thermally activated, 

Activation energy plots of t he  eight devices are given In F i , m  4. 
The recovery activation energies computed f’rom these c u m s  are 
presented i n  Table III where they  a re  ranked i n  ascending order and 
correlated with t h e  isotopic composition of the  steam used i n  growing 
t he  i n i t i a l  oxide. 
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Table  TTI. fnversfon Recov9r;r Activation Energies of 
Selected Small Signal Transistors 

Sample E (Thermal) of Steam 
Used - h s i m a t j  on Recovery (e .v. ) Group 

c-4 
C-19 
C-16 
IF-1 

0.M 
0.54 
0.56 

0.68 
0 070 B D O  D2° 

0.74 H2° 
0.74 $0 

3-2 1.29 D2° C 

me energy levsls ap?ear t o  f a l l  i n t o  three d i s t inc t  groups desigwted 
A, E, and C. 
devices and Group B, a s  expected, by deuterated specimens. The 
recovery act ivat ion energy of Group C (Device E-2, 1.39 e.v.) is  
uncharacterist ic of t h e  en t i re  sample and suggests the presence of 
sodium as  a ccn tanhmt .  Txcluding ?3-2, the  average act ivat ion energy 
associated with the  noma1 stem. 5reated devices is 0.58 + .08 e.v., 

and t h e  deuterated devices, 0.67 + .06 e.v. 
does not permit de f in i t e  conclusions t o  be h m  at t h i s  time, especial ly  
i n  view of t h e  uncertainties i n  some of t h e  recovery data thus f a r  taken. 
Th i s  is par t icyi lar lytrue of  device E-8 which d i d  not y i e l d  su f f i c fen t ly  
f l a t  current leakage plateaus f o r  accurate recovery r a t e  determinations. 
The indicated trend, however, warrants a more precise invest igat ion of 
these specimens. 

Group A is seen t o  be dorntnated by normal steam t r ea t ed  

- 
The spread i n  these r e s u l t s  - 

I 
I 
1 
I 

I 
I 

C. Tncidenct of Dielectric Defects: Processing Contlclbutions 
The objective of th i s  invest igat ion i s  t o  vary the individual 

process steps i n  order t o  generate information on t h e  optimum process 
c o q a t i b l e  with device requirements which w i l l  p r o d d e  an oxide with a 
high percentage of  its area f r ee  from pores or regions of anomalously 
low d i e l ec t r i c  breakdawn. 

The prograrr is based on a tschnioue f o r  t he  detection of oxide I 

d ie l ec t r i c  defects d e s i a a t e d  the  *? iZecw F ’ r o n  (to differentiate 
it from other detection methods). 
imersed  i n  methyl alcohol with a metal probe 4 1  mm above the  wafer a t  a 

It consis ts  of  scanning a wafer 
I 



posi t ive potent ia l  of 10-100 mlts, and with t h e  wafer r e s t ing  on a 

negative p la te ,  The hole o r  defect is 5ndicated by bubbles (probably 
due t o  decomposition of the alcohol) and by the  col lect ion of insoluble 
metal l ic  s a l t s  if cer ta in  metals a r e  used f o r  t he  probe, 
detection netnods w i l l  be described as they a re  introduced i n t o  the 
program. 

The i n i t i a l  experiments were made on oxides grm on high 
resistivity n-type substrates and on oxides grown over boron-doped 
regions during the  diffusion of boron i n t o  the  n-type substrate,  The 
vi rg in  oxides on t h e  n-type substrate were g r c m  t o  a thickness of 
1 . 2 ~  , the  first 0.3~ being grown i n  steam and t h e  remeinder i n  drj 

O2 ( i n  accordance with the  par t icu lar  process specificatZons under 

study). The defect density W ~ S  measured on t h e  i n i t i a l  oxide and a f t e r  
successive remoyal of  approximately 0 . 2 ~  layers by etching i n  a 

buffered W solution. The defect density in the oxide layer, a s  a f inctson 
of oxide thickness f o r  wafers t r e a t e d  i n  t h i s  manner, was obtained. 
Figure 5 is the result obtained on a s ingle  wafer i n  an i n i t i a l  tes t  
of the technique w h i l e  Fieire 6 represents measuremnts on two wafers 
oxidized together and l i g h t l y  pattern-etched, followed etching and 
probing i n  t h e  sane manner. The effect of p a r t i a l  re-pwth of oxide 
on wafer 3 is a l so  shown i n  Figure 6. 
i n  t he  number of defects as t he  oxide thickness is reduced by e tchkg.  

The oxides over the p-doped regions w e r e  grown a t  temperatures of 

lO5OC and l l O O C  i n  d r y  02. A t  lOSOC, layers  of 850, 1300, 1600, and 
3000 8 were obtained, and a t  l l 0 C  layers  of '1100, 1500, 2OW, and 
3590 8 were obtained. 
defect densi ty  i n  these oxide l ayers  for the  two different growth 
temperatures a re  shown i n  Flgure~ 7. Most of the defects observed in  
the  oxides over 1300 8 thick were concentrated near the edges of t h e  
wafer SO t h a t  t he  cent ra l  regions of t h e  wafers were qui te  f r e e  f r o m  
defects. 

Other 

Both figures show a rapid increase 

The oxides were probed a f t e r  growth, and the 

Conparison o f  Figures 5, 6, and 7 indicates t h a t  oxides grown up 

t o  a s p c i f 3 e d  thickness have subs tan t ia l ly  fewer defects than those 
p u n  t o  ~reate~tx&~~~eg~m end- ,etzted &as& ~o-.~he~~~eciFiedthickness. 
T h i s  is 3.n agreement with the findings o f  a prevlous in te rna l  oxide 

----< - 
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evaluation program a t  Autonetics (I6) and recent work a t  Bal l  Labs (17 1 . 
Caution should be exercised, however, i n  drawing conclusions f r o m  
these preliminary results s3nce the  oxides i n  one case were grown over 
h4gh resistivity n-materia1,and i n  t h e  other were grown over highly 
doped p-regions where the growth r a t e  is more rapid. 

Since etch-thinning of oxide layers  i s  important t o  some YOS 

device fabricat ion procedures, it appeared desirable t o  learn  whether 
djelectric defects i n  such layers  could be rap 

r eadda t ion  step. 
(Figure 6) which increased the thickness t o  1200 8 (from 

A regrowth experiment was performed on wafer No. 2 
R >  and 

decreased the  defect density t o  390 in-'. 
below t h e  etch-back defect density curve shown f o r  t h i s  w a f w  bu t  is 

This density i s  considerably 

still not acceptable f o r  device use. 3 ast 

dBxaaLig-AW:r 

t h i s  step therefore 

Additional confirm-ation of t h i s  e f f e c t  was oktai-ned on a wafer 
contatnjng 36 ESOS c i r c u i t s  e?nployiRg about 800 gates each. 
circuits were e l e c t r i c a l  short fa i lures .  Regrowth of approximately 
9 0  additional oxide on t h e  wafer yielded the defect d is t r ibu t ion  
gfven i n  Table TV. 

A l l  of t h e  

Table IV. Defect Distribution i n  Ree;rown Oxide on 
an YOS Device Wafer 

Region 

Gate Regions 

Amroximat e Number Approdm a t  e 
Oxide of Vfective 

Thickness (8) Oefects b e c e  Area ($1 
2000 31 5 

Mff i sed  Regions 2000 350 45 

The evidence indicates defect dens i t ies  are  a;lpro%imately t h e  
same 3n both the diffused and gate regions, and considerably greater  
than i n  t h e  thick oxide regions. A s igni f icant  proportion (about 30%) 
of the detects  were observed a t  steps i n  t he  oxide prof i le ,  suggesting 
a s t ruc tura l  damage contribution due t o  mechanical stress relief i n  t h e  
oxide a t  these locations. Other remedial procedures a r e  being sought. 

18 



The invest igat ion o f  t h e  effects of process var iables  on the occurrence 
of dichtric defects i s  be- directed i n i t i a l l y t o w e r d  s i l i con  wafer 

surface praparation8,and a comparieon of t h e  relative effects of etch back 
and regrowth techntques. A flow cha r t  f o r  t h i s  i n v e s t i p t i o n  i s  presented 
I n  Figurn 8, 

Do Incidence of Dielectr ic  I'kfects: Contaminant Contributions 

One possible  source of oxide defec ts  o r  pinholes is pa r t i cu la t e  
contambation on the  ai l icon wafer before oxidation o r  during diFpusion 

and re-oxidation steps. 

devlsed i n  which s i l icon  wafers would be del iberately contaminated prior 
t o  oxidation, 'Rro methods of contamination were attempted: (1) exposure 
t o  room ambient dust f o r  various periods and (2) evaporation of  
suspensions of 0.3~ alumina in water containing varying numbers of 
pa r t i c l e s  per un i t  volume, 

An experiment t o  test t h i s  hypothesis was 

For Method (l), exposures t o  room a i r  f o r  10 minutes, 100 minutes, 
and loo0 minutes were used. Method (2)  v l o y e d  suspensions containing 
LOO, bOW, and 40,000 particles/ml. 
wafers st approximately & cm 
part.lcles/cm , 
evaporated on it, 
unsatisfactorg because the s i l icon  i s  hydrophobic, and the resul t ing 
evaporation produced a nonunifom dis t r ibu t ion  of p a r t i c l e s  (spotting 
and streaking?. When oxidized, many oxide defects were visible along 
these s t a i n  l i n e s  which, of course, contained a f a r  greater  concentration 
of pa r t i c l e s  than was intended, 

and 28 defects/cm for t h e  10, 100, and loo0 minute expos\lrs, 

respectively. 
drained, and dried w i t h  warm a i r  gave a count of 20 defects/cm , 
dust count for 1000 minutes  i n  the room during a sirnilar period gavs a 
p a r t i c l e  count of 3oo-lsOO/cm which is f a i r l y  low f o r  such an area. Thus, 
it is apparent t h a t  the contmination caused by room exposure is bare ly  

One m l  of  each was evaporated on 
2 area t o  giw 100, 1oO0, and 10,Ooo 

2 One wafer was prepared wi th  one ml of deionized water 
The evaporation o f  susnended pa r t i c l e s  p roved to  be 

The defect count on the a i r  exposed wafers gave counts of 30, 20, 
? 

A control wafe r  t h a t  had been cleaned i n  ddonixedwater ,  
2 A 

2 

s s  ;166dn ~ ~ $ ~ ~ ~ ~ - ~ ~ ~ ,  atPR"thgS/.,ht&&P 
t u  o x i d a ~ ~ n & r o ~ e ~  
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A wafer passivation expex5ment using contaminated water ( tap  
water) ha8 beem carr ied out with t h e  expectation t h a t  spray carry-over 
would introduce par t iculate  contamination (alkali and l k a l i n s  ear th  
s a l t s )  i n t o  the growing oxide. E lec t r i c  probe data have not  yet been 
obtained on these  apscirasna. 

PRO?OSED PLA.?? FOR FOLLOWTNG QUARTER 

Oas ambient affects on t h e  function of planar s i l i con  devices and 
intsgrated c i r c u i t s  will be continued with emphasis on condensable polar 

molscules (e.g., H20, (XI2). 
lirvestigation of s i l i con  imperfections and t o o l  damage by the  

Schwuttke modification ( l e )  of t he  Lang x-ray method and by etching 
techniques w i l l  be continued. 

Previouslp prepared tr i t iated wafers will be beta 888aybd, metallized, 
and examined f o r  t r i t i u m  electromigration under stress conditions t h a t  
nonnally produce inversion i n  planar device8. 

Pa r t i c l e  loca l iza t ion  of sodium i n  oxide layers will be sought by 
neutron act ivat ion and correlation of dielectric defect dens i t ies  w i t h  

extracted ( etched) Na2' activities. 
Lrrparsian reccmarg kinetics of deuterated devices will be investigated 

Investigation of process contr ibut iom t o  dielectric defecta i n  oxide 
Study of 

i n  greater detai l .  

l ayers  will proceed according to the schedule given in Figure 8. 
t h e  effects of del iberate  contamination also will be continued. 
ctmmroR ~~SFORMAT~ON 

birproxfmafie physical completion: 65% 
Approximate expenditures: 63% 

ACTION IzEgu IRED Bp NASA 

None 

Significant contribution8 t o  the  work reported herein were made by: 

J. M. Axalrod, P. J. Besser, J. V. Brandewie, B. T. Hogan, J. LO Kerm, 
and C. W. Scott. 
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